It has been proposed that a long-period stacking ordered (LPSO) structure is responsible for the excellent mechanical properties of lightweight alloys of MgZnRE (RE: rare earth elements) system. The phase separation of the metastable hexagonal close-packed (hcp) phase in the MgYZn alloy was simulated by means of the phase-field method to discuss the mechanism of formation of the LPSO structure. Near the Mg-corner of the MgYZn ternary system, metastable spinodal decomposition occurs before conventional spinodal decomposition, i.e., the supersaturated solid solution of Mg7 at% Y7 at% Zn alloy separates into two phases: Mg12 at% Y and Mg17 at% Zn. The resulting microstructure has a lamellar morphology, elongated along the [0001] direction of the hcp phase, with a wavelength of ³7 nm. The calculated orientation of the lamellar is completely different from that of the LPSO structure. Therefore, it is difficult to explain the formation of the LPSO structure directly in terms of a spinodal decomposition of the hcp phase in the MgYZn ternary system.
Introduction
Magnesium is the lightest metallic element that is of practical use in industry. Its specific gravity is about twothirds that of aluminium and a quarter that of iron. Magnesium also has advantages in terms of environmental protection because it is widely and readily available and is easily recycled. Recently, new alloys of MgZnRE (RE: rare-earth element) have been developed by Kawamura et al., 13) who identified the presence of a characteristic microstructure, the long-period stacking ordered (LPSO) structure, in these alloys. MgZnRE alloys containing LPSO structures show mechanical properties that are superior to those of other Mg-based lightweight alloys. Therefore, understanding the mechanism of formation of the LPSO structure is important in ensuring a wide variety of structural applications for magnesium alloys.
Many investigations have been performed to elucidate the stability of the crystal structure of the LPSO phase including the high density of stacking faults. In these studies, the LPSO structure has commonly been regarded as a "phase".
38)
Recently, on the basis of a thermodynamic discussion of the MgYZn phase diagram, Masumoto et al. proposed that the LPSO structure is not, in fact, a phase but instead consists of a two-phase microstructure. In other words, the LPSO structure originates from phase separation of a metastable hexagonal close-packed (hcp) phase in the MgYZn system. 9) In the current study, we simulated the phase separation of the metastable hcp phase in the MgYZn system by means of the conventional phase-field method to discuss and understand the formation mechanism of the LPSO structure.
Simulation Method
We employed the conventional phase-field method 10, 11) to model the phase separation of the metastable hcp phase in the MgYZn system. Phase-field method is a numerical calculation method to simulate the heterogeneous microstructure changes by solving the evolution equations. 10, 11) Detail of the calculation methods that we used in the study are described below.
Definition of order parameters
Because our aim was to simulate the diffusion-controlled phase transformation in the metastable hcp phase of the Mg YZn ternary system, we used the local yttrium composition c Y and the local zinc composition c Zn as independent order parameters to describe the morphology of the microstructure. The phase-field method that we adopted in this study was therefore identical to the simulation method based on the CahnHilliard nonlinear diffusion equation. The compositions c Y ðr; tÞ and c Zn ðr; tÞ are functions of the local position r ¼ ðx; y; zÞ in the microstructure and of the time t. If we take into account the local conservation condition of solute elements, the composition field of magnesium is given by c Mg ðr; tÞ 1 À c Y ðr; tÞ À c Zn ðr; tÞ; in this case, we do not take the vacancy composition into account.
Evolution equation
A nonlinear evolution equation for composition fields (the CahnHilliard nonlinear diffusion equation) was used in the calculation of the phase decomposition: @c X ðr; tÞ @t ¼ r Á M c r ¤G sys ¤c X ðr; tÞ ; X = Y or Zn:
Here, M c is the mobility of atom diffusion, which, for the sake of simplicity, is assumed to be a constant in this study. The total free energy of the heterogeneous microstructure G sys is given by the expression
where G c is the Gibbs energy of the hcp phase, 12) E grad is the
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This Paper was Originally Published in Japanese in J. Japan Inst. Metals 76 (2012) 475481. composition gradient energy, 11) and E str is the elastic strain energy 11) induced from the coherency strain between the constituent phases. G c is evaluated by integrating the Gibbs energy density, which is expressed as a sub-regular solution approximation, over the heterogeneous microstructure as follows: 
in which the description of ðr; tÞ is omitted. The coefficients ðiÞ L A;B ; ði ¼ 0; 1; 2; Á Á ÁÞ in the right-hand side of the above equation are functions of T . L Mg;Y;Zn is the coefficient of the excess mixing enthalpy term unique to ternary system, which is given by the expression:
Although, in general, the coefficients ðiÞ L Mg;Y;Zn ; ði ¼ 0; 1; 2Þ are functions of the temperature, they are regarded as constants in the current work. 9, 12) The composition gradient energy 10) of the ternary system can be expressed as follows:
where, for the sake of simplicity, we assumed that the composition gradient energy coefficient ¬ is a constant; the relationship c Mg ðr; tÞ 1 À c Y ðr; tÞ À c Zn ðr; tÞ could then be used in the derivation of the above equation. The elastic strain energy is evaluated by means of the following equation, based on the phase-field microelasticity theory: 14, 15) We assumed the elastic stiffness C ijkl to be a constant and we used the value for pure magnesium, i.e., we considered the anisotropic elastic medium of the hcp crystal structure. As the two-phase microstructure is formed by coherent phase decomposition within the hcp structure, the individual eigen strains ¾ 0 ij ðr; tÞ were evaluated by using the following equations: ¾ 
Calculation conditions
The numerical values of the parameters 9,16) that we used in this study are listed in Table 1 . In the study, we performed a two-dimensional simulation and we therefore assumed a plane strain condition for calculating the elastic quantities, i.e., the same morphology for the two-dimensional microstructure is continued congruently along the depth direction. A periodic boundary condition was also assumed for the purpose of simulating the two-dimensional microstructural changes. We used the conventional finite-difference method with a structured grid for the numerical calculation of the evolution equation. Each distance was normalized by the length of the unit cell b 1 for the finite-difference method.
For the sake of simplicity, we also assumed that the each solute component has the same diffusion constant D. The aging time t was normalized by the quantity D=b 1 , so that the dimensionless time was given by the expression t 0 ¼ tD=b 1 . We could therefore estimate 10) the value of the aging time t from the dimensionless time t 0 provided that we knew the value of D. Furthermore, as long as we discuss the simulation results exclusively in terms of the dimensionless time t 0 , we do not need to know the value of D.
10)

Simulation Results
In this section, we explain the dependence of the results of the phase-field simulation on the composition of the alloy and the crystal orientation.
3.1 Simulation of Mg7 at% Y7 at% Zn alloy on the (0001) plane Figure 1 shows a two-dimensional simulation of the phase decomposition on the (0001) plane of the hcp phase in Mg7 at% Y7 at% Zn alloy at 573 K. The initial state [ Fig. 1(a) ] is a supersaturated solid solution on which small composition fluctuations of «1 at% Y and «1 at% Zn from the average composition of the alloy are imposed by applying computer-generated random numbers. The temporal evolution of the microstructure is shown in Figs. 1(a) through 1(f ). The local composition is indicated by means of a gray scale in which the light-gray part, dark-gray part, white part, and black part correspond to Mg17 at% Zn, Mg12 at% Y, Mg4 at% Y, and Mg37 at% Y53 at% Zn, respectively.
In the later stages of phase decomposition [ Fig. 1(f ) ], the final two-phase microstructure consists of Mg4 at% Y (white part) and Mg37 at% Y53 at% Zn (black part). Figure 2 shows the calculated metastable phase diagram proposed by Masumoto et al., 9) in which only the hcp phase is considered. Note that there is a wide two-phase region in the ternary system. The dotted lines are the tie-lines. The compositions of the respective phases in Fig. 1(f ) are coincident with the two ends of the tie-line represented by the thick solid line in Fig. 2 . The dotted lines are tie-lines 9) and the thick solid line indicates the metastable tie-line calculated from Fig. 1(f ) . Table 1 Numerical values used in the calculations. 9, 16) Calculation area/nm 2 50 © 50 In the early stages of phase decomposition, however, the two-phase microstructure consists of Mg17 at% Zn (light-gray part) and Mg12 at% Y (dark-gray part) [ Figs. 1(b)1(d) ]. The direction of phase separation on the phase diagram is represented by the thick solid line in Fig. 3 . It is interesting that this direction is completely different from the tie-line direction in the ternary phase diagram and that the concentration difference between the two phases is small. If we focus on the morphology of the microstructure, we can recognize that the microstructure has a mottled structure with a wavelength of about 7 nm and that the volume fraction of the constituent phases is large. The wavelength of the mottled structure (³7 nm) is quite small and coarsening hardly occurs between Figs. 1(b) and 1(c) . From the features mentioned above, we can conclude that the mottled structure in the early stages is formed by spinodal decomposition.
Simulation of Mg7 at% Y7 at% Zn alloy on the
ð11 20Þ plane Figure 4 shows the results of simulation on the ð11 20Þ plane of the hcp structure; other conditions for the calculation were the same as those in the case of Fig. 1 . A two-phase separation between Mg17 at% Zn (light-gray part) and Mg 12 at% Y (dark-gray part) is calculated, in a similar manner to the phase decomposition in the early stages shown in Fig. 1 . With regard to the morphology of microstructure, although a mottled structure was simulated as shown in Fig. 1, the calculations for Fig. 4 show the formation of a lamellar structure in which the stripes are orientated almost parallel to the c-axis of the hcp structure. In detail, it seems that the orientation of the lamellae is slightly tilted from the direction of the c-axis during the early stages of phase decomposition. The lamellar morphology originates from the difference in the eigen strains ¾ The morphology of the microstructure can also be affected by the anisotropic elastic constants. To examine this effect, we calculated the microstructural changes for isotropic elastic constants in the same simulation program. Because we simulated a similar microstructure change to that shown in Fig. 3 Metastable phase diagram of the hcp phase at 573 K.
9) The dotted lines are tie-lines 9) and the thick solid line indicates the metastable tie-line calculated from Fig. 1(d) . 4 , we concluded that the lamellar structure examined in the current study originates mainly from anisotropy among the eigen strains. Therefore, the peculiar spinodal decomposition that occurs in the early stage of phase decomposition (Fig. 1) and which does not obey the tie-lines shown in Fig. 2 is responsible for the mottled structure on the (0001) plane of the hcp structure and for the lamellar structure on the ð11 20Þ plane. Figure 5 shows the results of a two-dimensional simulation of the phase decomposition on the (0001) plane of the hcp phase in Mg30 at% Y20 at% Zn alloy at 573 K. The representation in the figure is the same as that in Fig. 1 , so that the gray and black parts correspond to Mg2 at% Y and Mg44 at% Y39 at% Zn, respectively. The normal phase separation between the two phases, Mg2 at% Y and Mg 44 at% Y39 at% Zn, that obey the tie-line of the phase diagram is calculated in Fig. 5 . The microstructure is mottled and the short wavelength of the two-phase microstructure is almost maintained during aging from Figs. 5(c) to 5(f ), which is a feature typical of spinodal decomposition. As the starting time of phase decomposition in Fig. 5 is much earlier than that in Fig. 1 , the driving force for phase separation of this alloy is much larger than the case in Fig. 1 . Note that the rate of phase decomposition depends exclusively on the driving force, because we assumed the mobility of atom diffusion to be a constant in this study.
Simulation of Mg30 at% Y20 at% Zn alloy on (0001) plane
Discussions
The results of the simulations discussed above can be summarized as follows.
(1) A peculiar spinodal decomposition that deviates markedly from the tie-line of the phase diagram occurs at the Mg-corner (Figs. 1 and 4) ; this is followed by a normal phase separation that obeys the tie-line of the phase diagram (Fig. 1) . Henceforth, we refer to the peculiar spinodal decomposition as the "metastable spinodal decomposition".
(2) The concentration difference between the two phases produced by the metastable spinodal decomposition is small and the wavelength of the microstructure is about 7 nm.
(3) The metastable spinodal decomposition produces a lamellar structure in which the stripes are oriented in the direction parallel to the c-axis of the hcp structure.
(4) The metastable spinodal decomposition occurs at the Mg-corner of the MgYZn ternary phase diagram.
In this section, we have attempted to discuss the composition range of the alloy in the region of the phase diagram in which metastable spinodal decomposition takes place.
Analysis based on the Gibbs energy of the hcp phase
The metastable spinodal decomposition occurs in Mg 7 at% Y7 at% Zn alloy, but it is not observed in Mg 30 at% Y20 at% Zn alloy. Figure 6 shows the metastable phase diagram of the hcp phase at 573 K. The section shown in white is the spinodal region, the section shown in gray is outside the spinodal region but inside the miscibility gap, and the section shown in black is the single-phase region of the hcp phase. The short lines inside the spinodal region indicate the initial direction of composition fluctuation as a result of spinodal decomposition, and their lengths correspond to the respective driving forces for spinodal decomposition.
Although many of the short lines point along the direction of the tie-line indicated in Fig. 2 , the direction of the short line is almost perpendicular to that of the tie-line at the Mgcorner where the amount of magnesium is more than 80 at%. In this region, the metastable spinodal decomposition takes place initially and this is followed by conventional phase separation that obeys the tie-line of the phase diagram. This is in accordance with the sequence of microstructural changes shown in Fig. 1 . Figure 7 is a three-dimensional depiction of the Gibbs energy curve of the hcp phase in the MgYZn ternary system at 573 K. Note that the free energy is much lower on the YZn binary side; this provides the large driving force for phase separation between the Mg-corner and the YZn side.
In the free-energy surface near the Mg-corner, we can observe a convex region near a composition of Mg 10 at% Y20 at% Zn (the position indicated by the arrow). This explains why metastable spinodal decomposition occurs at the Mg-corner of the phase diagram.
4.2
Comparison between the experimental LPSO microstructure and simulation results In this section, we discuss the effects of phase separation in the hcp phase on the formation of the LPSO structure by comparing the experimentally observed LPSO microstructure and the results of our simulation.
The HAADFSTEM image of LPSO microstructure taken by Abe et al.
3) and our simulation results on the ð11 20Þ plane of the hcp structure in Mg7 at% Y7 at% Zn alloy at 573 K are represented in Figs. 8(a) and 8(b) , respectively. It has been reported that the composition of the LPSO single phase is Mg7 at% Y7 at% Zn. 9) First, we will discuss the volume fraction and the size of the microstructure. The volume fraction of the constituent phases in the microstructure produced by the metastable spinodal decomposition is relatively large (almost 50%), as shown in Fig. 8(b) . The wavelength of the microstructure produced by metastable spinodal decomposition is about 7 nm. These features of the microstructure are coincident with those of the LPSO structure [ Fig. 8(a) ].
Secondly, we will focus on the morphology of microstructure. The LPSO structure is a lamellar microstructure with the stripes oriented perpendicular to the c-axis of the hcp structure, as shown in Fig. 8(a) . The simulated microstructure, however, is a lamellar structure with the stripes oriented parallel to the c-axis, as shown in Fig. 8(b) . This simulation result implies that the orientation of the lamellae in the LPSO structure does not originate from elastic anisotropy of the eigen strain induced by a coherent phase decomposition.
We therefore conclude that the formation of the LPSO structure cannot be explained directly in terms of the spinodal decomposition on hcp phase of the MgYZn ternary system. In particular, the orientation of the lamellae of the LPSO structure is not determined by the elastic anisotropy of hcp phase, which suggests that we should consider not only the compositional phase decomposition, but also the structural transformation, including the formation of stacking faults, in modelling the LPSO microstructure quantitatively.
Conclusions
In this study, we simulated the phase separation of the metastable hcp phase in the MgYZn system by means of the conventional phase-field method to discuss the mechanism of formation of the LPSO structure. The results that we obtained are as follows:
(1) Metastable spinodal decomposition occurs near the Mg-corner of the MgYZn ternary system prior to conventional phase decomposition in accordance with the miscibility gap of the hcp phase. In other words, the supersaturated solid solution of Mg7 at% Y7 at% Zn alloy separates into two phases, Mg12 at% Y and Mg17 at% Zn, and the concentration difference between these two phases is small (about 10 at%).
(2) Metastable spinodal decomposition is observed only near the Mg-corner of the MgYZn ternary phase diagram.
(3) The morphology of the microstructure is that of a lamellar structure elongated along the [0001] direction of the hcp phase, and its wavelength is about 7 nm.
(4) The calculated orientation of the lamellar is completely different from that of the LPSO structure. Therefore, it is difficult to explain the formation of the LPSO structure directly in terms of a spinodal decomposition of the hcp phase in the MgYZn ternary system. (5) To construct a quantitative simulation model of the formation of the LPSO structure, we need to consider both the diffusional phase decomposition and structural phase transitions, including the formation of stacking faults, simultaneously. 
